Background and Aims: Ulcerative colitis [UC] is a chronic inflammatory disease that effects the gastrointestinal tract and is considered one of the most prominent and common forms of inflammatory bowel disease [IBD]. This study aimed to define and describe the entire transcriptomic landscape in a well-stratified, treatment-naïve UC patient population compared with control patients by using next-generation technology, RNA-Seq. Methods: Mucosal biopsies from treatment-naïve UC patients [n = 14], and healthy controls [n = 16] underwent RNA-Seq. Principal component analysis [PCA], cell deconvolution methods, and diverse statistical methods were applied to obtain and characterise a dataset of significantly differentially expressed genes [DEGs]. Results: Analyses revealed 1480 significantly DEGs in treatment-naïve UC when compared with controls. Cell populations of monocytes, T cells, neutrophils, B cells/ lymphoid cells, and myeloid cells were increased during inflammation, whereas the fraction of epithelial cells were reduced in UC, which is reflected by the DEGs; 79 DEGs were identified as IBD susceptibility genes, and 58 DEGs were expressed in a gender-specific manner. MUC5B, REG3A, DEFA5, and IL33 might be considered as colorectal cancer [CRC] risk factors following UC in males. AQP9 together with CLDN2 may have a role regulating tissue-specific physiological properties in tight junctions in UC. An additional functional role for AQP9 in the synthesis and/or the function of mucus can be implied.
Introduction
Ulcerative colitis [UC] is a chronic inflammatory disorder of the gastrointestinal tract, and along with Crohn's disease [CD] comprise two of the common forms of inflammatory bowel disease [IBD] . In contrast to CD, the inflammations in UC are limited to the mucosa and submucosa of the colon, and the rectum. 1 Chronic inflammations have been shown to increase the risk for the development of colorectal cancer [CRC] . 2 Just 10-20% of IBD cases can be explained by genetic variances, 3, 4 suggesting a much more complex pathogenesis, perhaps an underlying interplay between environmental factors, the intestinal microbiome, nutrition, and genetic factors. Susceptibility genes are responsible for triggering a dysregulation of the immune system and affecting the gut barrier function. 5, 6 Nevertheless, despite decades of investigation, the complex pathogenesis of IBD is not fully understood.
Many attempts have been made to describe transcriptional levels in UC, [7] [8] [9] usually by using hybridisation-based methods like microarrays. 10 These methods are restricted to predefined and often well-annotated RNA species. Next-generation sequencing [NGS] techniques [RNA-Seq] have no such restrictions. One recent report used RNA-Seq for gene expression profiling in patients with IBD including patients with different treatment strategies. 11 For the present study, a clearly defined group of newly diagnosed [treatmentnaïve] UC patients was used. It is believed that RNA-Seq, together with well-stratified UC patient material, can potentially provide a more comprehensive and correct transcriptomic profile of UC. The results of this study do not only reveal new potential players in treatment-naïve UC pathogenesis in general, but in addition provide evidence of a gender-dependent pathogenesis for UC. These results can be useful for the development of general and/or gender-dependent treatment strategies for UC in the future.
Material and Methods

Patient material
A standardised sampling method was used to collect mucosal biopsies from the colon of 14 newly diagnosed, treatment-naïve UC patients with mild to moderate disease activity and from 16 controls. Samples from subjects performing a cancer screening, with normal colonoscopy and normal colonic histological examination, served as controls. UC was diagnosed based upon established clinical endoscopic and histological criteria as defined by the ECCO guidelines. 12 The grade of inflammation was assessed during colonoscopy using the UC Disease Activity Index [UCDAI] endoscopic sub-score with 3 to 10 for mild to moderate disease. 13 Apart from one rectal control sample, all biopsies were taken from the sigmoid part of the colon. Tumour necrosis factor alpha [TNF-α] mRNA expression levels were measured by real-time polymerase chain reaction [PCR] , thereby indicating the grade of UC activity. 14 
Quantitative polymerase chain reaction
The TNF-α levels in biopsies were measured by using quantitative polymerase chain reaction [ 
Data analysis
Base calling and quality scoring were performed as a first step including quality check on the on-board computer of the NextSeq 550. The algorithm packages STAR-2.5.2b and the htseq-count were used for downstream analysis. 15 
IRIS [Immune Response
In Silico] weighted marker list characteristic for the different cell types. 16 17 Gene expression data for the 295 genes associated with IBD single nucleotide polymorphism [SNPs] was analysed by k-means clustering and three primary groups were identified. For interpretation, genes were further subdivided using the gene ontology according to roles in inflammatory processes. The inflammatory properties of the genes were classified with the gene ontology as part of an inflammatory response [GO: 0006954] with subcategories for negative [GO: 0050728] and positive [GO: 0050729] regulators of inflammation. Heat maps were produced for each cluster to visualise the gene expression patterns of the GWAS associated genes in conjunction with their regulatory and inflammatory roles.
Results
Patients
A standardised sampling method was used to collect mucosal biopsies from treatment-naïve UC patients [n = 14] and control samples [n = 16], as described above. The biopsies from UC patients showed mild to moderate disease activity [as defined by UCDAI], with clinical scores 7.23 ± standard deviation [SD] 2.45, and endo scores of 1.93 ± SD 0.27, estimated according to established clinical endoscopic and histological criteria, and as defined by the ECCO guidelines. 12 The control group consisted of biopsies with normal colonoscopy, colon histology, and immunohistochemistry, and clinical and endo scores = 0. The biopsies of UC patients were taken from the sigmoid part of the colon. The gender distribution for both groups was almost equal, with nine males in the UC group and 11 males in the control group, and five females in each group. The age distribution differed between the two groups, with 39.57 ± SD 15.24 in the UC group, and 52.9 ± SD 16.9 in the control group. In order to obtain information about the inflammatory status of UC, TNF-α mRNA expression levels were measured by qPCR. 14 
Characterization of the whole transcriptome in treatment-naïve UC
The entire transcriptome representing treatment-naïve UC was established by RNA-Seq. Pre-processing of the sequencing data revealed expression of approximately 22 000 transcripts. Initial principal component analysis [PCA] of the 5000 most variable transcripts revealed a clear distinction between UC and control samples along the first principal component with a 59.6% explained variance [ Figure 1 ]. In order to estimate specific cell populations in UC and control tissue samples, a cell deconvolution method was applied as described. The deconvolutions were restricted to the following cell types: epithelial cells, monocytes, T cells, neutrophils, B cells/lymphoid cells, and myeloid cells. The results show a clear difference of cell fractions present in UC and control samples. An enrichment of monocytes, neutrophils, myeloid cells, T cells, and B/Lymphoid cells was observed in all UC samples, whereas the epithelial cell fraction was decreased in almost all UC samples when compared with control samples. The results of the deconvolution experiments are depicted in Figure 2 .
To further describe and analyse the entire transcriptome, significantly differentially expressed transcripts were adjusted to p-value < 0.05 and a cut-off of log2 fold-change > 1.0 [n = 1480] was used for downstream analyses [Supplementary Data 1, available at ECCO-JCC online] whereof the top 30 differentially expressed genes [DEGs] with log2 fold-change > 3.5 are shown in Table 2 . The differentially expressed gene transcripts were related to currently known 295 IBD susceptibility genes [ Supplementary Figure 1 , available at ECCO-JCC online] as revealed by GWAS [see Figure 3 ]. 18, 19 The identified gene transcripts have been annotated to different inflammatory processes and their transcriptional levels. Transcripts with unchanged expression are omitted in Figure 3 . However, for a complete overview see Supplementary Figure 1 . The data depicted in Figure 3 The current study was compared with microarray-based studies carried out on two different Affymetrix-based microarray platforms. 20, 21 Only well-characterised probes with Entrez IDs and official gene symbols were included in the comparison. Overall agreement between the studies when comparing UC patients and normal controls are shown in the Venn diagram [ Supplementary  Figure 2 , available at ECCO-JCC online]. Only one gene, transmembrane 4 L6 family member 20 [TM4SF20], was found to be significantly [log fold-change > 1 and p < 0.05] downregulated in our study but significantly upregulated in one of the others. 21 
Gender-specific transcription
PCA analysis did not only distinguished between UC and control samples [ Figure 1 
Discussion
This study provides a unique, comprehensive, and quantitative record of high-resolution gene expression in a treatment-naïve UC patient population using next-generation RNA-Seq technology. Previous gene expression studies with UC patient material mostly used hybridisation-based methodologies like microarrays, 7, [22] [23] [24] [25] and only one recent study reported RNA-Seq of human IBD patient material. 11 RNA-Seq technology has some advantages over microarray technology, such as the ability of impartial detection of new transcripts and the easy detection of rare and low abundance transcripts. 10 In addition, RNA-Seq does not rely on pre-designed complement-sequence detection probes, and is therefore free of issues associated with probe redundancy and annotation. 26 Attempts were made in order to decipher if genes found in other studies 20, 21 including UC patients behaved differently in the present study [ Supplementary  Figure 2 , available at ECCO-JCC online]. However, it is difficult to assign the variability between experiments to either effects of the technical platform or different severity of disease that was mild to moderate in our dataset and involved patients resistant to standard treatment in the above-mentioned studies. In addition, recent UC transcriptome studies were performed by using non-stratified patient populations and material including both treated and treatment-naïve UC, 11 which might have resulted in biased gene expression profiles. Therefore, in this study, the UC patient material was thoroughly stratified and only treatment-naïve patients were included [see Table 1 and Material and Methods]. This approach should provide an opportunity to investigate the transcriptional profile of UC without the interference of any medications. Recent reports have shown that medication given to UC patients, such as immunosuppressant drugs, have short-and long-term side effects on the immune response. 27 This treatment might introduce unwanted bias to experiments aiming to investigate the prior to medication status of UC patients. Furthermore, treatment-naïve UC transcriptomic signatures might also become important in order to decide individual treatment options for patients in the future. Our RNA-Seq revealed 1480 significantly DEGs [see Supplementary Data 1] . In the future, these DEGs could be used as a fingerprint for disease outcome and a beneficial treatment choice.
Human tissue samples are highly heterogeneous, and the amount of different cell types in a biopsy will have a certain impact on gene expression profiles. Therefore, and in order to determine the relative quantities of different immune cell types in the heterogeneous biopsies, cell deconvolution methods were applied [ Figure 2 ]. As expected, the results clearly show and confirm that the innate and adaptive immune systems are triggered by inflammation as the fractions of monocytes, neutrophils, myeloid cells, T cells, and B/ lymphoid cells are found to be increased in UC [ Figure 2 ]. These differences could very well due to inflammatory infiltrates; as for which cells contribute the most, we will need a much larger sample size and most likely confirmatory or parallel experiments using a different technique such as single cell sequencing. One interesting aspect with these data is that one could potentially identify various patterns. For example, UC patient no. 5 from the left [ Figure 2 ] is rather high in monocytes and neutrophils but relatively low in T cells and B/lymphoid cells, but to decipher these types of patterns would require larger study populations. In concordance with these observations, the different inflammatory responses are reflected by increased expression of genes like leucocyte immunoglobulin-like receptors, cytokines/chemokines and their respective receptors and ligands, and T cell specific antigens [see Table 2 ; and Supplementary Data 1]. In particular, many of the DEGs that are involved in the control of bacterial proliferation showed increased expression during mucosal inflammation, like regenerating family members [REGs] and defensins, which is in concordance with previous studies. 7, [28] [29] [30] [31] [32] It is interesting to note that the here observed increased expression of factors predictive of response to anti-TNF-α therapy, oncostatin [OSM] and its receptor [OSMR], is of particular relevance for anti-TNF-α resistant patients. 33 Not surprisingly, the fraction of epithelial cells was lowered in UC [ Figure 2 ]. Once the mucosal epithelium is compromised by inflammation, the fraction of functional epithelial cells diminishes, which then leads to a 'leaky' intestinal epithelium. 34 The impaired ion transport and dysfunctional tight junctions in the epithelium are followed by chronic diarrhoea. In addition, increased levels of circulating TNF-α, and other cytokines lead to a rise of intestinal permeability, thereby causing oedema. 35 This dysregulation of water and solute homeostasis has been suggested to play a role in UC. In concordance with our results, the expression levels of water channels like aquaporin 7 [AQP7] and aquaporin 8 [AQP8], have been shown to be reduced in the human intestinal mucosa in early stage IBD. 36 Interestingly, aquaporin 9 [AQP9] was one of the most prominent expressed genes in our UC patient material, which has not been reported before [ Table 2 ]. AQP9 plays a role in specialised leukocyte functions such as immunological response and bactericidal activity, and is located in the membranes of tight junctions in the intestine. 37 In addition claudins, that are exclusively localised at tight junctions, were differentially expressed [ Table 2 ], with claudin 2 [CLDN2] levels being increased in UC samples, which is in accordance with former results. [38] [39] [40] The 'pore-forming'CLDN2, as a component of the tight junction, forms a water channel and thus mediates para-cellular water transport across the tight junctions in impaired epithelium. 41 In addition, the observed increase of CLDN2 correlates with UC severity on both protein and transcriptional levels. 38 This might indicate that CLND2 and AQP9 might share similar properties regarding water transport. It is possible that like epithelial cells, other cells contribute to the elevated levels of CLDN and/or AQP9. However, no such information is available today. Cell sorting followed by single cell sequencing might shed a light on this. The increased expression of CLDN and AQP9 might be a response to inflammation, fighting the disturbances in the epithelial barrier of the colon. Taken these results together, it could be hypothesised that CLDN2 together with AQP9 regulate tissue-specific pathophysiological properties of tight junctions in UC.
Intestinal infection generally leads to depletion of goblet cells and reduction in mucin synthesis and secretion, allowing pathogens to access the underlying epithelium. 42 Interestingly, AQP9 could play another role for the synthesis and/or function of mucus, as recent immuno-histological studies have shown that AQP9 is expressed in a subset of mucin-producing goblet cells in the small intestine and colon. 37 However, mucin 2 [MUC2], which is the major contributor to healthy lubrication of the mucosa, was not differentially expressed, which is in concordance with previous findings. 43 In contrast, several other mucins showed increased expression in UC: 44, 45 Contrary to results reported by others who have shown that expression of MUC5B is increased in colorectal cancer [CRC] but not in UC, 46 we here report increased expression of MUC5B in UC. It is hereby noted that in normal colon, MUC5B has been shown to be secreted by colonic goblet cells; however it is expressed in minor quantities. 47 In addition, we can report not only an increased but also gender-specific differences in the expression of MUC5B in UC, as discussed below [see also Figure 4 ; and Supplementary Data 2]. A cytokine-induced mucin hypersecretion has been reported for MUC5AC in an in vitro model where expression increased in a TNF-α dose-dependent manner. 48 This might be also the situation in our UC material, as elevated TNF-α levels have been one criterion for patient stratification [see Materials   KIF21B  CD5  CD6  ZNF831  APOBEC3G  DOK3  CTLA4  ICOS  CD28  ARHGAP30  RASSF5  PTPRC  FYN  IKZF1  IKZF3  SLAMF1  CCR5  CCDC88B  ICAM1  CD40  TNFRSF4  MMP9  TNFRSF9  SELP  SOCS1  IFNG  CCL20  MAP3K8  CXCL1  CXCL2  CXCL3  FADS1  FADS2  SLAMF7  IRF4  CXCR1  CXCR2  FCGR3B  SLC11A1  NOD2  CXCL6  OSM  SELE  CXCL5  IL12RB2  HSPA6  STAT1  FCGR3A  IL15RA  IRF1  IL2RA  LILRB4  CCR6  SELL  CXCR5  PRKCB  NFATC1  LTF  FCRLA  PTGS2  LRRK2  OSMR  GPR65  TNFSF8  ERAP2  ITLN1  TNC  CCL2  CCL11  CCR3  FOXQ1  PLA2R1  SLC22A4  PTGDR2  TEF  SULT1A1  EPHX2  SULT1A2 and Methods]. A role for MUC16 in UC, which showed the most prominent elevated expression levels [log2 FC 2.16] has not been established yet but has been recently proposed to be a biomarker for epithelial ovarian cancer. 49 Recently, micro RNAs [miRNAs] and long non-coding RNAs [lncRNAs] have been addressed as having a role in IBD pathogenesis. 50, 51 Three microRNAs have been identified in our data: MIR155HG, MIR3936, and MIR4435-2HG. It has been reported that MIR155 is involved in intestinal inflammation and immunity of UC by playing a role in the differentiation of B and T cells and dendritic cells, thereby contributing to the development of regulatory T cells. [52] [53] [54] In addition, we observed 17 significantly differentially expressed lncRNAs [Supplementary Data 1] . One functional relationship between UC and a particular lncRNA has been recently demonstrated. 55 However, the relationship between UC and miR-NAs and/or lncRNAs still remains unclear.
In order to characterise gene expression data from RNA-Seq further, one approach was to investigate how many differentially expressed genes are associated with IBD. Until today, approximately 300 SNPs associated with IBD have been discovered through GWAS. 17 Although it is expected that this RNA-Seq study cannot confirm GWAS findings, 79 of the significantly differentially expressed genes might be associated with IBD [see Table 2 ]. It is hereby noted that the GWAS susceptibility genes did not distinguish between UC and CD. However, although one should be cautious about assigning specificity to SNPs, since most GWAS studies are done comparing a patient population with a population of diseasefree controls and not between subtypes of the disease, some SNPs are indeed more strongly related to UC than CD and vice versa. 56 Among our significantly differentially expressed genes, SP140 nuclear body protein [SP140] and strawberry notch homolog 2 [SBNO2] are located close to SNPs that are more strongly related to CD risk, and both of these genes have shown upregulated gene expression in UC [ Supplementary Data 1] .
Recently, gender-dependent differences in IBD pathologies have been proposed. 57, 58 Sex-stratified analysis of long-term complications of IBD show consistently higher risk of CRC in male IBD patients. 59 In addition, a recent population study reported that patients with UC are the high-risk group in incidence of CRC and that the risk is found to be higher in male than in female UC patients. 60 The current available information about gender-specific differences in UC is sparse and contradictory to some extent. 61 It is a common belief that understanding gender differences in any disease is important for recognising the factors contributing to the disease expression and to determine its prognosis so that clinicians can offer an appropriate medical therapy. However, molecular manifestations of a gender specificity for UC has not been established. We can for the first time show that gender differences on a molecular level occur not only between treatment-naïve UC patients [ Figure 1 ], but also between control patients [ Figure 4 ]. The most pronounced gender differences for UC were observed for mucin 5B [MUC5B], regenerating family member 3 alpha [REG3A], defensin A5 [DEFA5], and interleukin 33 [IL33] [ Figure 4 ]. In UC, IL33 expression is specifically increased and has been shown to be involved in the inflammatory tumour microenvironment and to contribute to the progression of CRC. [62] [63] [64] In this context, it is interesting to note that IL33 is found to be more increased in male UC than in female UC. In addition, SNPs in human DEF5A may confer susceptibility to IBD. 32 Furthermore, an upregulation of REG3A in colorectal cancer cells confers proliferation and correlates with colorectal cancer risk. 65 All these abovementioned genes were more elevated in male samples than in female samples and can therefore be considered as CRC risk factors in UC. It is interesting to note that DEFA5, IL33, and REG3A showed also increased expression levels in control male samples when compared with control female samples. Taken all these observations together, a possible link between the expression of these genes and higher risk for the development of CRC following UC can be proposed for males. For some gender-specific genes, differential gene expression was observed between control male and female samples. Genes like serine protease 8 [PRSS8], Fc fragment of IgG binding protein [FCGBP] , and interferon alpha-inducible protein 27 [IFAN27] showed increased expression in control female compared with control male samples. Interestingly, all these genes have been shown to convey protective properties in the mucosa: FCGBP has been shown to be involved in the maintenance of the mucosal structure as a gellike component of the mucosa; PRSS8 preserves colonic integrity and protects against inflammation, as has been demonstrated in DSSinduced inflammation of mice; and IFN-α conveys antiviral activities. [66] [67] [68] In addition, three gender-specific GWAS IBD susceptibility genes showed increased expression in female UC [Supplementary Data 2] . Two belonged to the family of sulphurtransferases, and both genes are involved in detoxification processes. 69 The here observed expression of thiosulphate [TST]-and mercaptopyruvate [MPST] -sulphurtransferase is essential for sulphide detoxification in order to preserve healthy mucosa. Dysregulation of expression and/or activity of these enzymes may accompany development of UC. 70 Here, fucosyltransferase 2 [FUT2] also might play a role in this regard, since this enzyme is involved in host-microbe interactions and has been shown to mediate interaction with intestinal microbiota, thereby influencing its composition. [71] [72] [73] In conclusion, this study shows for the first time that the use of well-stratified treatment-naïve UC patient samples in combination with high-throughput RNA-Seq technology can reveal new molecular players that might be important in UC pathogenesis. Potentially significant might be the regulation of tissue-specific pathophysiological properties of tight junctions in the mucosa as reflected by increased expression of AQP9 and CLDN2 and the expression of different mucins, particularly MUC5B and MUC16. In addition, a gender-dependent molecular manifestation could be established. The molecular patterns of UC revealed increased expression of genes involved in preserving mucosal integrity and detoxification of microbial-derived metabolites in females. The expression of antimicrobial and cytotoxic genes in male UC patients may contribute to the higher risk for the development of CRC observed in males. These results can be useful for the development of new treatment and patient stratification strategies for UC. In addition, these expression patterns can be extremely useful if combined with UC remission data in the future.
